Maternal malnutrition during pregnancy impacts fetal growth, with developmental consequences that extend to later life outcomes. In underdeveloped countries, this malnutrition typically takes the form of poor dietary protein content and quality, even if adequate calories are consumed. Here, we report the establishment of a nonhuman primate model of gestational protein restriction (PR) in order to understand how placental function and pregnancy outcomes are affected by protein deficiency. Rhesus macaques were assigned to either a control diet containing 26% protein or switched to a 13% PR diet prior to conception and maintained on this PR diet throughout pregnancy. Standard fetal biometry, Doppler ultrasound of uteroplacental blood flow, ultrasound-guided amniocentesis, and contrast-enhanced ultrasound (CE-US) to assess placental perfusion were performed mid-gestation (gestational day 85 [G85] where term is G168) and in the early third trimester (G135). Our data demonstrate that a 50% reduction in dietary protein throughout gestation results in reduced placental perfusion, fetal growth restriction, and a 50% rate of pregnancy loss. In addition, we demonstrate reduced total protein content and evidence of fetal hypoxia in the amniotic fluid. This report highlights the use of CE-US for in vivo assessment of placental vascular function. The ability to detect placental dysfunction, and thus a compromised pregnancy, early in gestation, may facilitate the development of interventional strategies to optimize clinical care and improve long-term offspring outcomes, which are future areas of study in this new model.
Introduction
Numerous studies have demonstrated that maternal well-being and diet impact not only fetal development but also the longterm health outcomes of children. Our group has previously utilized a nonhuman primate model of diet-induced obesity to study the impact of maternal overnutrition on placental function, fetal development, and offspring outcomes. [1] [2] [3] However, the effects of undernutrition, in particular protein deficiency, a global health concern that impacts predominantly low-and middle-income countries, on maternal-placental-fetal health are not well understood.
Maternal malnutrition is known to be detrimental to fetal development, with fetal growth restriction (FGR) commonly reported in both human epidemiological studies and in animal models of nutrient restriction. [4] [5] [6] In addition, poor maternal diet is associated with impaired neurodevelopmental and behavioral outcomes in children, 7 as well as an increased risk of other health complications such as metabolic and cardiovascular dysfunction. [8] [9] [10] The timing and severity of any insult during pregnancy is a key determinant of outcome. Evidence from rodent models has demonstrated differential effects of nutrient deficiency on placental growth and fetal development, which are dependent on early versus mid-gestational pregnancy exposure. [11] [12] [13] [14] However, these models often employ short-term intrapartum malnutrition, which does not mimic the typical human situation in which dietary deficiency is usually a chronic issue that is not limited to pregnancy.
As the mediator between mother and fetus, the placenta has a pivotal role in conveying any dietary impact. The placenta is a multifunctional organ that integrates maternal and fetal nutritional and growth cues to optimize fetal growth potential. This dynamic organ has a substantial reserve capacity, enabling some compensatory adaptations to an adverse in utero environment or maternal perturbations. 15 However, the effects of maternal protein restriction (PR) preconception and throughout pregnancy on in vivo placental function are poorly understood. Indeed, placental studies are largely restricted to postdelivery in vitro assessments conducted when the placenta has performed its function and exceeded its life span. In vivo studies are limited by current imaging capabilities and the reliability of biomarkers assessed in maternal blood, or in the amniotic fluid, which may reflect placental function and allow detection of placental insufficiency. Understanding placental function in real time, and thus facilitating the identification of at-risk pregnancies for potential intervention, is an important area of focus at present. 16 As placental blood flow is a critical determinant of nutrient and oxygen transfer, and hence fetal growth, application and development of advanced noninvasive imaging modalities are rapidly expanding in placental functional studies. Doppler ultrasound is routinely used for clinical management of pregnancy, but although this semi-quantitative method is suitable for blood flow measurements in major vessels, its application to the direct study of placental perfusion is not possible. Measurement of the umbilical artery pulsatility index (PI) reflects hemodynamics of the placental villi with an increase in PI reflecting an increase in resistance in the microcirculation. 17 However, a significant increase in PI only occurs when *60% of terminal vascular branches are destroyed, 18 and thus, this is not a sensitive measure of placental dysfunction. We have recently implemented contrast-enhanced ultrasound (CE-US) to visualize and quantify microvascular perfusion of the placental intervillous space (IVS). 19 This is a technique that relies on the acoustic detection of lipidencapsulated, gas-filled microbubble contrast agents for the visualization of vascular perfusion 20 and is widely used in cardiac diagnostic imaging. 21, 22 By applying custom algorithms to the data, replenishment kinetic curves can be generated to allow quantitative measurement of microvascular flux rate. 23 The use of CE-US has advanced our placental imaging capabilities. 19 Earlier identification of at-risk pregnancies may allow for better clinical management and intervention to improve maternal and fetal health.
Given the numerous and far-reaching consequences of maternal health and diet on the long-term health of the offspring, we have established a new nonhuman primate model of gestational PR for the study of maternal, placental, fetal, and neonatal outcomes. This clinically relevant translational animal model supports a multidisciplinary approach to understanding the mechanisms underlying impaired neonatal growth and development following gestational PR. Our long-term goal is the development of safe and effective interventional strategies to address the issue of maternal malnutrition and improve global health. In this initial report from this new animal model, we present our findings of the impact of PR on maternal body composition and metabolic regulation, pregnancy outcomes, and fetal growth parameters. Our specific focus was the assessment of in vivo placental function using advanced ultrasound imaging modalities. We hypothesized that reduced maternal dietary protein content would reduce perfusion of the placental IVS and compromise fetal growth.
Methods

Animals
All protocols were approved by the Institutional Animal Care and Utilization Committee of the Oregon National Primate Research Center (ONPRC), and guidelines for humane animal care were followed. Adult rhesus macaques (Macaca mulatta) were maintained on either a control chow diet consisting of 26% protein (CON) or a protein-modified diet containing 13% protein (PR). Animals in the PR cohort were switched from the CON to the PR diet 1 month prior to being housed with a male. Both diets were matched for vitamin and micronutrient content, with the calorie content deficit made up with additional carbohydrates in the PR diet (TestDiet, St Louis, Missouri). Animals were socially housed in indoor/outdoor pens with 10 females and 1 male in each dietary cohort with ad libitum access to food and water. Animals were allowed to breed naturally, and pregnancies were identified by routine early first-trimester 2-dimensional ultrasound (GE Voluson 730 Expert, Kretztechnik, Austria) with fetal biometry for gestational dating. Fetal biometry measurements are well established in our rhesus colony and are routinely used for gestational dating. The breeding season lasted approximately 3 months for both diet cohorts. Total body fat for each animal was determined by conducting dual-energy X-ray absorptiometry (DEXA) scans (Hologic QDR Discovery A; Hologic, Inc, Bedford, Massachusetts). Animals were sedated with 10 mg/kg ketamine, intramuscular (IM) (Henry Schein Animal Health, Dublin, Ohio) and positioned supine on the bed of the scanner. Total body scans (core; collar bones through to hip bones and periphery; limbs) were performed on each animal. QDR software (Hologic) was used to calculate body composition. Intravenous glucose tolerance tests (ivGTTs) were performed on sedated dams (10 mg/kg ketamine, IM) after overnight food withdrawal to establish baseline glucose, normal glucose clearance, baseline insulin, and C-peptide levels. The ivGTTs were performed as described previously 24 at 2 time points: prior to the diet switch and in the early third trimester at gestational day 120 (G120; Figure 1 ).
Imaging Studies
Term Gestation in the rhesus macaque is *168 days. At gestational days 85 and 135, following an overnight fast, animals were sedated by IM injection with 10 mg/kg of ketamine. Animals were then intubated and maintained under anesthesia with 1% to 2% inhaled isoflurane gas for the duration of each imaging study. All studies were conducted in the ONPRC surgical unit. For ultrasound, participants were positioned in dorsal recumbency, and physiological vital signs were monitored throughout the procedure. Image-directed pulsed and color Doppler equipment (GE Voluson 730 Expert; Kretztechnik, Zipf, Austria) with a 5 to 9 MHz sector probe was used for ultrasonographic data collection by using an ultrasonographer (J.O.L. or A.E.F.). The lowest high-pass filter level was used (100 Hz), and an angle of 15 or less between the vessel and Doppler beam was deemed acceptable. Standard fetal biometry measurements consisting of biparietal diameter (BPD), head circumference (HC), abdominal circumference, and femur length (FL) were obtained. Blood flow velocity waveforms were obtained from the proximal portion of the uterine artery as described previously. 25 Measurements of the waveforms were facilitated by the software supplied on the ultrasound machine, and the PI, velocity time integral, and heart rate were obtained. The diameter of the uterine artery was measured using power angiography as previously described 25 and utilized in our prior nonhuman primate studies. 1, 15, 26, 27 The cross-sectional area (CSA) of the vessel was calculated as CSA
2 where d is diameter. The calculated uterine artery volume blood flow (cQuta) was calculated as velocity time integral Â CSA Â heart rate. For the quantitative estimation of blood flow on the fetal side of the placenta, the umbilical venous volume blood flow (cQuv) was calculated as mean velocity Â CSA Â 60, where the mean velocity was calculated as 0.5 of the maximum velocity, as described previously. 1 Ultrasound-guided amniocentesis was accomplished by sterilizing the maternal abdomen with ChloraPrep (a chlorhexidine/alcohol solution) followed by ultrasound localization of a suitable sample site. A 22-gauge spinal needle was inserted transabdominally into the amniotic cavity with care taken to avoid the placenta and fetus. A 5 mL amniotic fluid sample was removed using a 10 mL syringe. Samples were centrifuged at 1,800 xg for 15 minutes, aliquoted, and stored at À80
C for later analysis. Contrast-enhanced ultrasound was performed using a multiphase amplitude modulation and phase-inversion algorithm on a Sequoia system (Siemens Medical Systems, Mountain View, California) equipped with a 15L8 transducer at a transmit frequency of 7 MHz with a 0.18 mechanical index (MI) and a 55 dB dynamic range. Lipid-shelled octafluoropropane microbubble contrast reagent (Definity; Lantheus Medical Imaging, Billerica, Massachusetts) was prepared in 0.9% saline at a final concentration of 5%. Intravenous infusion via a cephalic vein catheter was initially performed at a rate of 60 mL/h for visualization of uteroplacental blood flow. The acoustic beam was centered over individually identified maternal spiral artery sources, and the microbubbles within the path of the beam were destroyed by a brief (2-second) increase in MI to 1.9. Microbubble reentry in the spiral artery and the IVS was recorded at 1 frame/75 milliseconds (rapidly refilling vessels) or 1 frame/125 milliseconds (slower refilling vessels) until the area of interest reached signal saturation. Upon completion of placental imaging, the intravenous infusion rate was reduced to 10 mL/h to obtain baseline measurements of the maternal blood pool at 2 sites: the brachial artery of the noncatheterized arm and within the uterine artery by the uterocervical junction. Digital video clips were recorded for 10-second durations to measure video intensity of the blood pool. Three replicates of all recordings were obtained during each study for data acquisition validation. Digital imaging data were analyzed using a custom-designed CE-US analysis program as previously described in detail. 19 In brief, regions of interest were drawn over the IVS perfused by 1 maternal spiral artery input source. Replenishment kinetic curves were generated in a custom software program, and microvascular flux rate (b) was calculated as the rate of refilling of the vascular space until signal saturation was reached.
Amniotic Fluid Analysis
Individual amniotic fluid samples (G85 CON, n ¼ 8; G85 PR, n ¼ 8; G135 CON, n ¼ 7; G135 PR, n ¼ 7) were assayed for protein content (DC Protein Assay; BioRad, Richmond, Figure 1 . Study design overview. Timeline of the experimental design indicating the dietary switch prior to the natural breeding season and the study time points. Maternal metabolic measurements (DEXA and ivGTT) and imaging studies consisting of ultrasound, amniocentesis, and blood sampling are indicated. Animals were allowed to deliver naturally at term and offspring were followed postnatally until 7 months of age. DEXA indicates dual-energy X-ray absorptiometry; G, gestational day; ivGTT, intravenous glucose tolerance tests; P, postnatal day.
California, Cat# 500-0116) and for erythropoietin levels by enzyme-linked immunosorbent assay according to the manufacturers' instructions (MyBiosource, San Diego, CA, Cat# MBS2509449).
Statistical Analysis
Maternal body weight, glucose tolerance measurements, ultrasound parameters, and expression levels of erythropoietin were compared between the 2 diet groups at both G85 and G135 using a 2-way analysis of variance (ANOVA) with either a Tukey or a Sidak multiple comparison post hoc test performed using statistical analysis software (GraphPad Prism, La Jolla, California). In addition, linear regression analysis was performed for CE-US data replicates. A P < .05 was considered to be significant.
Results
Maternal Phenotype
Animals switched from a CON diet to a 50% PR diet prior to the breeding season (Figure 1 ) demonstrated initial weight loss (pre-diet to pre-pregnancy time point; Figure 2A ). In CON animals, there was appropriate weight gain during pregnancy. By comparison, PR animals maintained but did not increase their body weight (Figure 2A ). Maternal body composition was assessed by DEXA scan prior to the diet switch and 30 days postpartum (P30, Figure 1 ). There was an increase in lean mass in the CON animals but no change in fat mass in either animal cohort ( Figure 2B ). There was no change in bone mineral content or density in either diet cohort (data not shown).
Maternal fasting glucose concentrations were significantly reduced from baseline (pre-pregnancy) to third trimester (G120) but were not affected by a chronic PR diet ( Figure 2C ). Fasting insulin and C-peptide levels were not significantly affected either by pregnancy or consumption of the PR diet (Figure2D and E) , although levels appeared to be slightly reduced in the PR cohort compared to CON in the early third trimester.
Maternal blood samples were taken at both G85 and G135 in conjunction with the ultrasound imaging time points. By blood gas analysis, maternal hemoglobin (Hgb) levels were within the normal range 28 but were lower in PR compared to CON 
Gestational PR, Pregnancy Outcome, and Fetal Growth
Conception rates were not adversely affected in this study, with the pregnancy rate in the CON cohort being 9 of 10, and in the gestational PR cohort, all 10 animals became pregnant. However, there was a 50% pregnancy loss rate in the PR cohort, with 5 of 10 pregnancies resulting in miscarriage (at gestational ages 46, 48, 104, 146, and 153 days) compared to 2 losses in the CON group (at gestational ages 67 and 133 days). Of the pregnancies that continued to full term, the mean gestational age at delivery was 165.4 days in the CON cohort (range: 159-170 days) and 170.6 days in the PR cohort (range: 165-188). The ratio of male:female offspring was 3:4 in CON and 2:3 in PR animals, respectively. Standard fetal biometry measurements obtained by ultrasound are reported in Table 1 . Abdominal circumference was significantly reduced at both G85 and G135 in PR compared to CON fetuses (Table 1) . Similarly, there was evidence of reduced BPD, HC, and FL at both gestational age time points in the PR fetuses (Table 1) .
Uteroplacental Blood Flow
The uterine artery PI was not different either by diet group or gestational age ( Figure 3A) . The umbilical artery PI was not affected by diet group but was significantly reduced with advancing gestation (Figure 3B , P < .01). Maternal uterine artery blood flow (cQuta) and placental blood flow (cQuv) were calculated from Doppler ultrasound measurements of vessel diameter and velocity time integral as previously described. 1, 26, 27 There was no difference in cQuta either across gestation (G85 to G135) or between the 2 diet cohorts ( Figure 3C and D) . We demonstrate a gestational agedependent increase in cQuv but no significant difference between the CON and PR cohorts ( Figure 3E and F) .
Placental Perfusion
Contrast-enhanced ultrasound with Definity microbubble contrast agent was used to locate and visualize maternal spiral arteries supplying individual placental cotyledons at G85 and G135. Our CE-US data analysis does not allow for absolute quantification of blood flow volumes but instead reflects the change in vascular resistance. Thus, an increase in flux rate indicates an increase in perfusion of the placental IVS. In CON animals, we demonstrate a gestational age-dependent increase in placental perfusion from G85 to G135 ( Figure 4A ). By comparison, the flux rate was numerically lower at G85 in PR animals versus CON and significantly diminished at G135, with no increase in perfusion with gestational age in this cohort ( Figure 4A ). Video link 1 shows an example from a CON animal where the microbubbles within the acoustic window are destroyed and then rapid refilling of the maternal spiral artery and placental IVS can be seen. By contrast, in video link 2, we demonstrate delayed and slow refilling in a PR-fed animal that subsequently had a late pregnancy loss at G146. For validation of data reproducibility, we analyzed the variability within data acquisition replicates ( Figure 4B ). Importantly, these data were highly correlated (P < .0001). Additionally, data variability within individual spiral arteries of each animal demonstrates regional perfusion differences across the placenta ( Figure 4C ).
Amniotic Fluid Analysis
The amniotic fluid index (AFI) was calculated in standard fashion as the sum of the deepest amniotic fluid pocket in 4 quadrants. In addition, amniotic fluid samples were obtained by ultrasound-guided amniocentesis at G85 and G135. There was no difference in AFI either with gestational age or diet ( Figure 5A ). However, total protein content within the amniotic fluid was significantly lower in PR animals compared to CON at both time points ( Figure 5B ). In both diet cohorts, erythropoietin expression in the amniotic fluid was significantly higher at G85 than G135 ( Figure 5C ). In addition, erythropoietin levels were significantly elevated in the PR animals compared to controls at both time points, suggesting some evidence of fetal hypoxia in this model of gestational PR. 
Discussion
Here we report observations and data from a newly established nonhuman primate model of gestational PR for the study of maternal, placental, fetal, and offspring outcomes. Animal models can provide valuable insights into human disease conditions as they allow for experimental manipulation and can be conducted in controlled environments to eliminate variables that often confound human studies. The nonhuman primate, like humans, has a long gestation, a hemochorial placenta, and similar pre-and postnatal developmental milestones, making this species well suited for translational studies. This initial report has focused on the effects of gestational PR on placental function and pregnancy outcomes. Importantly, we demonstrate data to show that a 50% reduction in dietary protein generates a maternal phenotype in the nonhuman primate that reflects the human condition of maternal malnourishment, where poor diet and nutritional reserves detrimentally impact fetal growth and development. 29 Specifically, the cohort of PR-fed females lost weight initially (pre-pregnancy) and, despite being able to maintain body weight across gestation, failed to gain an appropriate amount of weight typically required to match the metabolic demands needed for maintenance of a healthy pregnancy. Interestingly, we demonstrate no change in fat mass in either diet cohort but an increase in lean mass in the control animals. This can likely be explained by the change in housing environment; prior to the study, these animals were indoor cage housed, and following the diet switch, they were moved to group housing in larger indoor-outdoor pens. Increased physical activity accompanied this change in housing setting. Our data show that 50% PR does not significantly alter glucose sensitivity in the nonhuman primate. However, the PR cohort was associated with decreased maternal Hgb levels reported at G85 and G135, which is consistent with prior studies in canines 30 and swine 31 that reported anemia secondary to protein deficiency; when protein supply is limited, tissues compete for available resources and consequently Hgb production is diminished. 32 Interestingly, there was no negative impact of protein deficiency on conception rates, but we observed a high incidence of fetal loss in the PR cohort, with 50% of the pregnancies resulting in miscarriage. This finding corresponds to the higher stillbirth rates reported in human epidemiological studies 33 and fits erythropoietin levels in amniotic fluid corrected for total protein content in CON and PR animals (n ¼ 8/cohort at G85 and n ¼ 7/cohort at G135). *P < .05, ***P < .001 PR vs CON, by 2-way ANOVA with Tukey post hoc test. ANOVA indicates analysis of variance; PR, protein restriction. with poor maternal health and the inability to support the physiological demands of pregnancy. The rate of pregnancy loss determined over a 10-year period in rhesus macaques at the California primate center was 17%. 34 An estimate of spontaneous pregnancy loss in the general ONPRC rhesus macaque colony is lower, at 5% to 7%, and we have previously reported a 7% loss rate in Japanese macaques. 1 Thus, it is important to acknowledge the higher rate of pregnancy loss in our CON cohort (2 of 9). This is likely explained by instability within the newly established animal group induced by male aggression that occurred after pregnancies were identified. Unfortunately, these groups were newly formed, so the dominance hierarchy was not well established and this resulted in an unstable group environment.
One challenge of this new model was the lack of direct access to placental tissue as the pregnancies were continued to full term for natural delivery in group housing where viable tissue cannot be collected postdelivery. This issue was addressed using 2 approaches: (1) by implementing in vivo ultrasound modalities to monitor placental vascular function, and (2) by sampling amniotic fluid for in vitro analysis as a proxy for placental function/health. In vivo tools to assess placental function are crucial to advance our ability to detect placental insufficiency at a time in pregnancy when effective interventions could be implemented. Doppler ultrasound is an established antenatal surveillance method in the clinical management of high-risk pregnancies [35] [36] [37] ; however, current Doppler ultrasound measurements lack the sensitivity and specificity to identify pregnancies at risk of placental dysfunction when applied as an early screening test. 38 Advances in ultrasound technology permit semi-quantitative estimation of total uterine artery volume blood flow (reported as cQuta in our data set) to assess blood flow on the maternal side of the placenta, and these measurements correlate well with directly measured blood flow volume in the uterine artery in sheep studies 25, 39 and have been extensively used by our group in a number of nonhuman primate models of placental dysfunction. 1, 15, 26, 27 However, we estimate that vascular insufficiency greater than 50% is needed before detection by Doppler is feasible. Unsurprisingly, using these Doppler calculations, we were unable to detect any apparent differences in uteroplacental blood flow in the 2 diet cohorts. However, the use of CE-US allowed us to detect significantly reduced maternal perfusion of the IVS in the placenta of the PR animals, highlighting its potential to identify placental dysfunction beyond current clinical capabilities. This reduced placental perfusion will undoubtedly impact nutrient and oxygen transfer as maternal blood supply to the placenta is a key determinant of maternal-fetal exchange function. Although the placenta has the ability to make adaptive changes in response to perturbations, or a suboptimal in utero environment, inadequate nutrient availability can result in FGR. 40 Indeed, we find FGR following PR diet consumption in this cohort. Future studies with this model will include scheduled cesarean section deliveries to allow for placental tissue collection and analysis. Such studies will allow us to examine the causal link between the PR diet and FGR. We might speculate, based on the slower and delayed rate of refilling of the IVS seen by CE-US, that FGR is a consequence of poor perfusion and thus decreased capacity for maternal-fetal exchange rather than the converse situation where a small fetus has a decreased demand for placental blood flow. In vivo imaging data will be correlated with in vitro assessments of transport function and tissue morphology in the planned studies.
The mechanisms underlying reduced placental perfusion with PR are not currently understood. We could speculate that it may be due to structural differences in spiral artery remodeling in early pregnancy. Data from a swine model of protein deficiency in which growth restriction and reduced litter size were reported demonstrate decreased availability of arginine accompanied by reduced nitric oxide synthase (NOS) activity in the placenta and endometrium of low protein-fed animals. 41 The authors suggest that decreased nitric oxide synthesis impairs angiogenesis leading to reduced placental-fetal blood flow and impaired amino acid transport by the placenta. In support of this, evidence from an endothelial NOS knockout mice model shows impaired blood flow and intrauterine growth restriction. 42 In addition, reduced spiral artery remodeling is reported with both a reduction in the amount of coiling and in the length of the spiral arteries noted. 43 Structural alterations in the placenta have also been reported in a guinea pig model of maternal food restriction. 44 In that study, a 30% reduction in chow consumption prior to pregnancy and up to mid-gestation with 10% reduction for the remainder of pregnancy reduced the placental exchange surface area and increased barrier thickness, resulting in impaired function and FGR. 44 The potential role of nitric oxide-mediated mechanisms and structural changes in placental tissue will be examined in our future studies.
An alternative cause of reduced placental perfusion is tissue inflammation. In our ongoing investigations, we are using molecular imaging with phosphatidylserine (PS)-containing microbubbles to address this. The PS microbubbles are charged, but net neutral, and can be used in combination with ultrasound to identify sites of leukocyte activation, 45 allowing inflammation to be visualized in real time in the IVS of the placenta.
The amniotic fluid is a protein-rich environment. Here, we report no difference in the volume of amniotic fluid between the 2 diet cohorts but a significant decrease in total protein content of the amniotic fluid in PR animals. The reason for this decrease is not known, but the unaltered AFI suggests that it is not largely due to a reduction in fetal renal filtration. It may be secondary to reduced maternal protein availability and allocation of resources, but further studies are needed to understand this finding. Fetal hypoxia was assessed by measuring erythropoietin levels in the amniotic fluid. Erythropoietin does not cross the placenta; therefore, levels in the amniotic fluid reflect fetal synthesis of erythropoietin in response to reduced oxygen availability. 46 We found an increase in erythropoietin levels with PR in mid-gestation and in the early third trimester, indicating some relative fetal hypoxia resulting from maternal protein deficiency.
In summary, we report multiple adverse effects of gestational PR on maternal health, placental vascular function, and fetal growth in this new nonhuman primate model. Future work will focus on understanding the mechanisms underlying abnormal placental perfusion due to maternal PR and how transport function is impacted. We recently demonstrated encouraging safety results in both nonhuman primates and early human pregnancies, suggesting that CE-US does not affect placental tissue integrity. 19 Thus, in conclusion, we suggest that CE-US may provide a practical clinical tool for in vivo assessment of placental perfusion and may facilitate the early identification of pregnancies at risk of placental dysfunction. Our ultimate goal is to utilize this nonhuman primate model for the development of novel interventional strategies to alter the trajectory of atrisk pregnancies and improve offspring outcomes from proteindeficient mothers.
